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Abstract 
 
Molten Salts as Heat Transfer Fluids for Solar Thermal Power Plants 
Krysten Minnici 
 
 
 
 Carbon dioxide, primarily created by burning fossil fuels, is an overwhelming component 
to the global warming problem. With these environmental issues surrounding fossil fuels, it is 
important to fully develop alternative energy options. Solar thermal power is a viable solution to 
the world’s energy problem and is an environmentally friendly and safe solution. 
The purpose of this thesis is to determine melting temperature, heat capacity and density 
of molten salts and investigate their viability as a heat transfer fluid for a solar thermal power 
plant. The solar thermal power plant model developed by Powell and Edgar [1] was utilized and 
altered to implement the properties determined for NaCl, KCl and a NaCl-KCl mixture. The unit 
cell structures for each were developed in MATLAB to determine the necessary material 
properties for the solar thermal power plant simulation. The melting temperature was determined 
using Tosi- Fumi interaction potentials. Using the simulation results for the melting temperature, 
the heat capacity and density were determined for the molten salts’ melt and crystal structures. 
The parameters of NaCl and KCl were used in the power plant simulation to study their effect on 
power. Both molten salts did not perform as well as the original molten salt used by Powell and 
Edgar. An additional study was conducted to determine the effects of density and heat capacity 
on power. As anticipated, a higher heat capacity increases the power output, whereas density 
does not affect the power output. Due to the low heat capacities of NaCl and KCl, these are not 
realistic options for heat storage. Overall, molten salts possess high thermal stability and high 
thermal conductivities. The simulations created in this study provide the building blocks for 
future work in more complex molten salts, such as solar salt, Hitec and Hitec XL.
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1. Introduction 
1.1 Energy Demands 
 Globalization has created better living conditions, shown through urbanization and 
modernization, which require more global energy consumption [2].  Global population growth 
leading to an increase in energy consumption is easily seen in the developing economies of 
China and India.  These developing economies require more resources in the near future.  In 
general, energy can be divided into the following supply models:  fossil, nuclear and renewable.  
Fossil fuels have been classified as unsustainable and the future of nuclear and renewable 
remains in question.  Balatasky et al. developed a model using the United States 2010 energy 
consumption as a baseline for developing countries to reach, which would require a 300% 
increase in energy use per capita.  It would take approximately 60 years for the world to reach 
the energy consumption of the United States.  At the current level of energy consumption, fossil 
fuels will be depleted in 80 years, assuming an estimate of 82% fossil fuel usage in 2035.  
However, if the world reaches United States levels, the fossil fuel supply will be depleted in 20 
years [2].  These numbers create growing concern for the use of fossil fuels and seek a solution 
to the world’s energy demands.  The world’s main power source has been fossil fuels for over 
150 years and a drastic change needs to occur in a much shorter amount of time [3].   
As of 2007, the energy generation consisted of 80% fossil fuels, 13.5% renewable 
resources and 6.5% nuclear power.  Fossil fuels, including oil, gas and coal, generate greenhouse 
gas emissions and present a variety of other issues in providing continual energy.  An enormous 
resource of oil is present in the Middle East, located in politically unstable countries, making it 
unavailable.  Only 100 years remain for coal as a viable resource and it emits greater greenhouse 
emissions than the other fossil fuels.  Nuclear power and fossil fuels both present environmental 
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challenges, leaving renewable energy as the best solution.  Nuclear energy also presents a 
security threat in regards to the possibility of the creation of nuclear bombs from the materials 
used in a nuclear power plant.  Furthermore, nuclear energy has resulted in catastrophic accidents 
on a few occasions, which indicates a further safety risk [4].   
Renewable energy produces no air pollutants and greenhouse gas emissions. Renewable 
energy is classified as “any form of energy from solar, geophysical or biological sources that is 
replenished by natural processes at a rate that equals or exceeds its rate of use” [5].  Renewable 
energy consists of solar energy, wind power, biomass and geothermal.  Biomass is particularly 
useful with regards to agricultural production; however, adverse emissions are higher than with 
fossil fuels.  Figure 1 shows that renewable energy has the ability to meet the future global 
energy demands, in particular solar energy [4, 6].   
 
Figure 1:  Availability of renewable energy sources compared to the world's usage; Reproduced with the 
permission of the author [6] 
As prices increase for fossil fuels, legislature calls for renewable resource development.  
The European Renewable Energy Council (EREC) recently set new targets for the European 
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Union (EU) to reach 45% renewable energy by 2030.  In 2004, the EREC set targets of 20% 
renewable energy by 2020, but significant progress by 2009 called for a greater goal.  In 2009, 
the EU reached 19.9% renewable energy, which was broken down in 11.6% hydropower, 4.2% 
wind energy, 3.5% biomass, and 0.4% solar power.  These statistics show there is significant 
room for solar energy to expand.  Additionally, California called for a 33% renewable portfolio 
standard by 2020 [7, 8, 9]. 
Solar energy represents the entire square in Figure 1, which illustrates that the available 
solar energy exceeds the world’s energy needs.  Solar energy is the most abundant and 
geographically available resource. 
 
1.2. Solar Energy 
 The sun falling on the world’s deserts in 5.7 hours meets the world’s primary energy 
needs.  The annual solar energy on the desert area, which encompasses 36 m km2, is equivalent 
energy-wise to 50,000 billion barrels of oil.  The most promising areas for solar energy include 
the North African desert, Arabian Peninsula, India, Central and Western Australia, high plateaus 
of the Andean states, northeastern Brazil, northern Mexico, the southwestern United States, 
southern Spain and the Mediterranean islands.  Solar energy peaks in the Mojave Desert (United 
States), the Sahara and Kalahari Deserts (Africa), Middle East, Chilean Atacama Desert and 
Northwestern Australia, as shown in Figure 2 [10, 11, 12].  
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Figure 2:  World solar energy map; Reproduced with the permission of the author [12] 
The sun is an enormous energy source and has the potential to meet the world’s energy 
demands, since it produces 174 PW (1 PW = 105 W) of radiation energy to its surroundings.  
There is growing interest in concentrated solar power (CSP) vs. photovoltaic (PV).  By 2050, 
CSP and PV have the potential to meet 70% of the United States electric needs.  Both CSP and 
PV are utilized throughout the world, but each presents their own challenges [7, 13].   
Germany offered financial incentives for PV with 20-year contracts and tax reductions, 
which ensure a long-term commitment.  However, Germany has seen safety concerns with the 
optical reflections from PV.  The glare creates a hazard for traffic and even small airports.  
Significant cost reductions have been seen recently with PV using Cadmium-Telluride thin films, 
instead of the traditional Silicon based technology [7, 14]. 
A main problem associated with CSP technologies is the water requirements for cooling 
and condensing processes, which presents a challenge in the desert regions where CSP 
technology is the most promising.  A typical solar plant requires 2.3 to 2.7 billion liters of water 
for cooling.  Solutions include using wastewater from nearby plants or incorporating dry cooling, 
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which would significantly increase costs.  PV does not require any cooling water requirements 
[7, 12]. 
A main concern with both technologies is the intermittency of sunlight.  CSP has been 
able to address this issue with solar thermal storage, whereas PV does not have a lasting solution.  
Solar thermal storage gives CSP a competitive advantage over PV technology [15].      
In order to harness the potential power provided by the sun, solar collectors are used to 
absorb heat.  Concentrated solar power (CSP) consists of four main technologies:  parabolic 
trough collector (PTC), solar power tower (SPT), linear Fresnel reflector (LFR) and parabolic 
dish systems (PDS), as illustrated in Figure 3.  The International Energy Agency (IEA) has set a 
CSP energy generation technology target of 630 GWe by 2050 [12, 13, 16].  
 
	  
Figure 3:  Concentrated Solar Power (CSP) technologies; Reproduced with the permission of the author [12] 
 PTC is the most mature and cost-efficient large-scale solar power technology, as a result 
of the solar electric generating systems (SEGS).  Nine commercial SEGS plants in the Mojave 
Desert consist of a 354 MWe capacity.  The first SEGS plant used mineral oil as a heat transfer 
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fluid with a two-tank thermal storage system and was able to meet the high peak utility use for 
Southern California.  However, mineral oil is very flammable and not usable in later plants at a 
higher operating temperature [11, 17, 18]. 
  As of 2015, approximately 95% of the CSP technology is parabolic trough collectors, 
with the largest markets being in Spain (~60%) and the United States (~40%).  The largest CSP 
installation is in Ivanpah Dry Lake, California, which produces 392 MWe of electricity, enough 
to power 100,000 homes.  Figure 4 illustrates the breakdown for CSP technology in terms of 
location and type as of 2011 [16].  
 
	  
Figure 4:  Installed and operational CSP technology (March 2011) by country and type; Reproduced with the 
permission of the author [12] 
The main problem associated to solar energy usage is that of supply and demand.  A 
solution is necessary to meet the challenges of day and night variations in sunlight [4]. 
 
1.3 Solar Thermal Storage  
 Solar thermal storage allows power plant operation to extend the intermittent nature of 
solar energy and provide operational flexibility.  Solar energy usage is possible during cloudy 
days and nighttime.  It is estimated that by 2025, solar thermal power will achieve greater than 
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95,000 MWh annually.  1 MWh of installed capacity results in saving 600kg of CO2, which leads 
to 57.5 m tonnes of CO2 annually and is equivalent to 35 coal power plants [10]. 
 Thermal energy storage has been developed for the last thirty years, where the main 
research focus is the storage medium material.  Thermal energy is stored in the material by 
heating up the material and in order to use the stored energy, the material is cooled down.  Solar 
thermal energy storage materials can be organized in the following categories:  sensible heat 
storage, latent heat storage and chemical heat storage.  Latent heat storage materials are phase 
change materials and are used for strict working temperatures.  A main disadvantage of latent 
heat storage materials is their low thermal conductivities.  Chemical heat storage materials 
require complex reactions and result from the energy released during the breaking and forming 
of chemical bonds in reactions.  For sensible heat storage materials, thermal energy results from 
the change of temperatures in thermal storage media.  Sensible heat storage materials are the 
lowest cost materials and the focus for this thesis [11, 13, 20]. 
For sensible heat storage materials, the amount of thermal energy can be explained with 
the following equation: 
€ 
Q = ρ *Cp*V *ΔT      (1) 
where Q is the amount of heat stored, ρ is the density of the storage material, Cp is the specific 
heat, V is the volume of storage material used and ∆T is the temperature range of operation.  
Cp*ρ gives the value of the thermal capacity, which is the most important property for a given 
material to be used in thermal energy storage.  Both properties are determined through model 
formulation and simulations for the purposes of this thesis [21]. 
Heat transfer materials can also be classified according to material:  air and gases, 
water/steam, thermal oils, organics, molten salts and liquid metals.  Water/steam researched 
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resulted as an alternative to oil in the 1980s.  Water/steam are used as the heat transfer fluid and 
working fluid in the Ivanpah solar plant.  In general, water is used as the working fluid.  Molten 
salts as compared to oil increase the efficiency of the Rankine cycle and reduce the size of 
thermal storage systems.  Molten salts are also cheaper and more environmentally friendly than 
oils.  Molten salts are thermally stable at high temperatures and their properties are comparable 
to that of water at high temperature, including a similar viscosity and low vapor pressure.  Most 
solar plants in Spain use thermal energy storage with molten salts, including the Andasol-1 plant 
[16, 22]. 
 In 1996, the United States created a 10MWe power system, Solar Two, which was the 
first system to use molten salts as both the heat transfer fluid and energy storage media.  The 
Solar Two project was also the first to achieve thermal energy storage with molten salts.  The 
three-year operation encouraged commercial molten salt technology [16]. 
 The most currently used salts are based on nitrates/nitrites.  Some nitrate salts do not 
degrade until 600°C, which illustrates a high temperature thermal stability, an important property 
for solar thermal storage materials.  The melting point can be decreased by combining salts of 
similar chemistries to decrease the chance of solidifying in pipes.  Nitrates are also the least 
corrosive of molten salts and can be used with stainless steels.  The current operating 
temperature for power plants is 300-565°C, but this is expected to increase to 800°C to use 
molten salts with very high boiling points due to their high thermal stability temperature [16, 23]. 
Molten salts are less expensive than traditional heat transfer fluids.  Molten salts, as heat 
transfer fluids, are very desirable due to their low melting temperature.  The most commonly 
used are nitrates/nitrites, but are limited by production.  New studies focus on carbonates or 
chloride salts, but these present issue with corrosion in metal alloys, which are commonly the 
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piping material for CSP. Ongoing research is necessary to determine the most viable option of 
molten salts as a solar thermal storage material [16, 18]. 
 
1.4 Thesis Concept 
The focus of this thesis is to determine melting temperature, heat capacity and density of 
molten salts and investigate their viability as a heat transfer fluid for a solar thermal power plant.  
This idea is based on a solar thermal power plant model developed by Powell and Edgar, which 
was modified to test the properties for various molten salt systems.  The molten salts focused on 
in this study are NaCl and KCl in the melt and crystal forms and a NaCl-KCl eutectic mixture.   
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2. Background/Motivation 
2.1 Solar Thermal Power Plant Simulation 
 An essential component to the background of the research conducted was the 
implementation of a solar thermal power plant simulation.  The simulation was used to determine 
the viability of various molten salts as heat transfer fluids in a solar thermal power plant.  The 
solar thermal power plant model developed by Powell and Edgar was utilized and altered to 
implement the properties determined for NaCl and KCl molten salt systems.  Density and heat 
capacity were determined for NaCl and KCl and NaCl-KCl systems for use as heat transfer fluids 
in a solar thermal power plant.  The melting temperature was also determined for NaCl and KCl, 
which was used to distinguish properties of the melt and crystal form.  In order to develop a 
model for the solar thermal power plant, the system is divided into the solar collector, thermal 
energy storage tanks, the boiler and solar irradiance.  For the purposes of this study, the thermal 
energy storage tanks were not taken into account.  The complete system is illustrated in Figure 5. 
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Figure 5:  Two-tank-direct thermal energy storage system; Reproduced with the permission of the author [1] 
 
 Figure 5 illustrates how the irradiance from the sunlight is collected in the parabolic solar 
collector field to an absorber pipe.  The heat transfer fluid flows through the absorber pipe, 
which is surrounded by a glass envelope to prevent heat loss.  The heat transfer fluid absorbs 
heat from the absorber pipe and is pumped to the boiler.  The heat transfer fluid returns to a cold 
temperature as heat exchange occurs within the boiler, where saturated steam is generated to 
produce power in a turbine.  The heat transfer fluid is transferred to a cold tank, where the 
process is repeated.       
Powell and Edgar studied the effects of using thermal storage in a solar power plant on 
power generation during various weather conditions.  The study consisted of clear vs. cloudy 
days and system with storage vs. a system without storage.  It was determined that thermal 
energy storage improved power output and required less use of fossil fuels as a backup energy 
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source.  Their established solar thermal power plant simulation was modified and implemented 
in MATLAB for the purposes of this thesis.  The following sections describe the methodology 
used for the solar power plant model formulation. 
 
2.1.1 Nomenclature 
Table 1 provides the nomenclature used throughout the following sections to explain how 
to implement the energy storage system into a working simulation for the purposes of this thesis.  
Table 1:  Nomenclature used for the solar thermal power plant model formulation [1] 
AA,i Inner pipe cross-sectional area for absorber pipe 
AE Glass envelope cross-sectional area 
AP,i Inner pipe cross-sectional area for boiler pipe  
CA Absorber pipe specific heat capacity 
CE Glass envelope specific heat capacity 
CF Heat transfer fluid specific heat capacity 
hAIR Ambient convective heat transfer coefficient 
hP Convective heat transfer coefficient for inner pipe 
Ic Solar radiation incident on collector surface 
IN Solar irradiance in direction of rays 
L Total solar collector length 
 Mass flow rate 
PA,i Inner absorber pipe perimeter 
PA,o Outer absorber pipe perimeter 
PE,o Glass envelope outer perimeter 
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PP,i Inner pipe of boiler perimeter 
rA,o Outer absorber pipe radius 
rE,i Glass envelope radius 
TA Temperature of fluid in absorber pipe 
TAIR Ambient air temperature 
TB Boiler water temperature 
TBF Heat transfer fluid temperature in the boiler 
TE Temperature of glass envelope 
TF Temperature of heat transfer fluid 
TSKY Effective sky temperature for radioactive heat transfer 
w Width of mirror aperture 
x Distance along solar collector length 
z Distance along boiler pipe length 
εA Absorber pipe emissivity 
εE Glass envelope emissivity 
ηoptical Total optical efficiency 
ρA Absorber pipe density 
ρE Glass envelope density 
ρF Heat transfer fluid density 
σ Stefan-Boltzmann constant 
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2.1.2 Solar Collector Energy Balance 
 The solar collector can be described with energy balances for the heat transfer fluid 
(Equation 2), absorber pipe (Equation 3) and glass envelope (Equation 4). 
€ 
ρFCF AA ,i
∂TF
∂t = ˙ m CF
∂TF
∂x + hP PA ,i TA −TF( )     (2)
 
The following initial and boundary conditions are used to solve Equation 2: 
IC:  TF(x,0) = TF,0 (cold tank temperature) 
 
BC: TF(0,t)= TF,0 (cold tank temperature) 
 
BC: 
€ 
∂TF
∂x x=L
= 0  
 
The last boundary condition explains that there is no heat transfer at the exit temperature, which 
corresponds to the zero temperature gradient, as shown above. 
€ 
ρACAAA
∂TA
∂t = hPPA ,i TF −TA( ) −
σ
1
ε A
+ 1−ε Eε E
rA ,o
rE ,i( )
PA ,o TA4 −TE4( ) + Icηopticalw   (3) 
The following initial condition is used to solve Equation 3: 
IC: TA(x,0) = TA,0 
€ 
ρECEAE
∂TE
∂t =
σ
1
ε A
+ 1−ε Eε E
rA ,o
rE ,i( )
PA ,o TA4 −TE4( ) −σεEPE ,o TE4 −TSKY4( ) − hAIRPE ,o TE −TAIR( )
 (4) 
The following initial condition is used to solve Equation 4: 
IC:  TE(x,0)  = TE,0 
The heat transfer fluid energy balance (Equation 2) is an advection equation and both the 
initial and boundary conditions are needed to solve the equation.  The numerical scheme should 
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be implicit and the equation is simplified to Equation 5.  The Crank-Nicholson method is utilized 
to solve the advection equation. 
€ 
∂TF
∂t = A
∂TF
∂x + B TA −TF( )     (5) 
where 
€ 
A = ˙ m 
ρF AA ,i
 and 
€ 
B = hPPA ,i
ρFCFA A ,i
. 
Equation 5 is discretized in order to solve it numerically, which is shown in Equations 6-
8.  In the following equations, the subscript, n, is used to describe time and the superscripts, i and 
j, are used to describe position. 
€ 
TF ,in+1 −TF ,in
Δt =
A
2
TF ,i+1n+1 −TF ,i−1n+1
2Δx +
TF ,i+1n −TF ,i−1n
2Δx
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ +
B
2 TA ,i
n+1 −TF ,in+1 +TA ,in −TF ,in( )    (6) 
€ 
TF ,in+1 −TF ,in =
AΔt
4Δx TF ,i+1
n+1 −TF ,i−1n+1 +TF ,i+1n −TF ,i−1n( ) +
BΔt
2 TA ,i
n+1 −TF ,in+1 +TA ,in −TA ,in( ) (7) 
€ 
AΔt
4Δx TF ,i−1
n+1 + 1+ BΔt2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TF ,in+1 −
AΔt
4Δx TF ,i+1
n+1 = −
AΔt
4Δx TF ,i−1
n + 1− BΔt2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TF ,in +
AΔt
4Δx TF ,i+1
n + BΔtTA ,in
(8) 
Difference equations are implemented to determine the first term, ith term and last term, 
which are shown in Equations 8-11. Equation 8 describes TF,i.  Equation 9 describes TF,1. 
Equations 10 and 11 describes TF,N, where the upward space derivative is used. 
€ 
1+ BΔt2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TF ,1n+1 −
AΔt
4Δx TF ,2
n+1 = −
AΔt
2Δx TF ,0 + 1−
BΔt
2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TF ,1n +
AΔt
4Δx TF ,2
n + BΔtTA ,1n   (9) 
€ 
TF ,Nn+1 −TF ,Nn
Δt =
A
2
TF ,Nn+1 −TF ,N −1n+1
Δx +
TF ,Nn −TF .N −1n
Δx
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ +
B
2 2TA ,N
n −TF ,Nn+1 −TF ,Nn( )   (10) 
€ 
AΔt
2Δx TF ,N −1
n+1 + 1− AΔt2Δx +
BΔt
2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TF ,Nn+1 = −
AΔt
2Δx TF ,N −1
n + 1+ AΔt2Δx −
BΔt
2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TF ,Nn + BΔtTA ,Nn 	   (11) 
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In order to solve these equations, two different matrixes are used in MATLAB.  The “a” 
matrix is independent of time and a “for loop” is utilized.  The “for loop” is from i=2 to N-1 for 
Equations 14-16.  Equations 12-18 show those used for the “a” matrix, where Equations 12-13 
are for the first and second values of the matrix. 
€ 
a11 = 1+
BΔt
2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟     (12) 
€ 
a12 = −
AΔt
4Δx       (13) 
€ 
aii =1+
BΔt
2       (14) 
€ 
aii−1 =
AΔt
4Δx       (15) 
€ 
aii+1 = −
AΔt
4Δx       (16) 
€ 
aNN =1−
AΔt
2Δx +
BΔt
2       (17) 
€ 
aN ,N −1 =
AΔt
2Δx       (18) 
Equations 19-21 show those needed for the “b” vector.  Equation 19 is used for i=1, the 
first term of the “b” vector.  Equations 20-21 are solved over a for loop from i=2 to N-1. 
€ 
b1 = −
AΔt
2Δx TF ,0 + 1−
BΔt
2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TF ,1n +
AΔt
4Δx TF ,2
n + BΔtTA ,1n
   (19) 
€ 
bi = −
AΔt
4Δx TFi−1
n + 1− BΔt2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TFi
n +
AΔt
4Δx TFi+1
n + BΔtTAi
n 	   	   	   (20)
 
€ 
bN = −
AΔt
2Δx TFN−1
n + 1+ AΔt2Δx −
BΔt
2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TFN
n + BΔtTAN
n 	   	   	   (21) 
The a and b matrices are solved to determine the value of TB, using “linsolve” in MATLAB. 
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The absorber pipe and glass envelope energy balances (Equations 3 and 4) are standard 
nonlinear ordinary differential equations, where only the initial condition is needed.  The 
numerical scheme can be explicit.  The absorber pipe and glass envelope energy balances can be 
simplified to Equations 22 and 23, respectively: 
	   	   	   (22) 
where 
€ 
C = hPPA ,i
ρACAAA
, 
€ 
D = σPA ,o
1
ε A
+ 1−ε Eε E
rA ,o
rE ,i( )
1
ρACAAA
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟  and 
€ 
E(t) = Ic (t)ηopticalw . 
€ 
∂TE
∂t = F TA
4 −TE4( ) −G TE4 −TSKY4( ) −H TE −TAIR( ) 	   	   (23) 
where 
€ 
F = σPA ,o
1
ε A
+ 1−ε Eε E
rA ,o
rE ,i( )
1
ρACAAA
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ , 
€ 
G = σεEPE ,o
ρACAAA
 and 
€ 
H = hAIRPE ,o
ρACAAA . 
 
Equation 22 and 23 are discretized to solve in MATLAB, as shown by Equations 24 and 
25.  Both equations are solved using a “for loop”. 
€ 
TA ,in+1 = TA ,in +CΔt TF ,in −TA ,in( ) −DΔt TA ,in
4
−TE ,in
4( ) + E(t)Δt 	  	   	   	   (24)	  
€ 
TE ,in+1 = TE ,in + FΔt TA ,in
4
−TE ,in
4( ) −GΔt TE ,in 4 −Tsky4( ) −HΔt TE ,in −Tair( )	   	   (25)
 
 
2.1.3. Boiler Energy Balance 
 Equation 26 describes the steam boiler energy balance, with the following initial and 
boundary conditions. 
€ 
ρFCF AP ,i
∂TBF
∂t = ˙ m CF
∂TF
∂z + hP PP ,i TB −TF( )    (26) 
IC:  TBF(x,0) = TF,0 (cold tank temperature) 
BC: TBF(0,t)= TF(L,t) 
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BC: 
€ 
∂TBF
∂z x=L
= 0
 
  
The steam boiler energy balance (Equation 26) is an advection equation and both the 
initial and boundary conditions are needed to solve the equation.  The numerical scheme should 
be implicit and the equation is simplified to Equation 27.  The Crank-Nicholson method is 
utilized to solve the advection equation. 
€ 
∂TBF
∂t = I
∂TBF
∂z + J TB −TF( )     (27) 
where 
€ 
I = ˙ m 
ρF AP ,i
 and 
€ 
J = hPPP ,i
ρFCFA P ,i
. 
 
 Equation 27 is discretized to solve it numerically, as shown in Equations 28-30. 
€ 
TBFi
n+1 −TBFi
n
Δt =
I
2
TBFi+1
n+1 −TBFi−1
n+1
2Δx +
TBFi+1
n −TBFi−1
n
2Δx
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ +
J
2 TBi
n+1 −TFi
n+1 +TBi
n −TFi
n( )   (28) 
€ 
TBFi
n+1 −TF in =
IΔt
4Δx TBFi+1
n+1 −TBFi−1
n+1 +TBFi+1
n −TBFi−1
n( ) + JΔt2 TBi
n+1 −TFi
n+1 +TBi
n −TFi
n( )  (29) 
€ 
JΔt
2Δx TBFN−1
n+1 + 1− JΔt2Δx +
JΔt
2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TBFN
n+1 = −
IΔt
2Δx TBFN−1
n + 1+ IΔt2Δx −
JΔt
2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TBFN
n + JΔtTFN
n
 (30) 
 
Difference equations are implemented to determine the first term, ith term and last term, 
which are shown in Equations 30-33.  Equation 30 describes TF,i.  Equation 31 describes TF,1.  
Equations 32 and 33 describes TF,N, where the upward space derivative is used. 
€ 
1+ JΔt2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TBF1
n−1 −
IΔt
4Δx TBF2
n−1 = −
IΔt
2Δx TBF0 + 1−
JΔt
2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TBF1
n +
IΔt
4Δx TBF2
n + JΔtTB1
n   (31) 
€ 
IΔt
4Δx TBFi−1
n+1 + 1+ JΔt2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TBFi
n+1 −
IΔt
4Δx TBFi+1
n+1 = −
IΔt
4Δx TBFi−1
n + 1− JΔt2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TFi
n +
IΔt
4Δx TFi+1
n + JΔtTBi
n
 
 (32) 
€ 
TBFN
n+1 −TBFN
n
Δt =
I
2
TBFN
n+1 −TBFN−1
n+1
Δx +
TBFN
n −TBFN −1
n
Δx
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ +
J
2 2TBN
n −TBFN
n+1 −TBFN
n( )        (33) 
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In order to solve these equations, two different matrixes are used in MATLAB.  The “c” 
matrix is independent of time and a “for loop” is utilized.  The “for loop” is from i=2 to N-1 for 
Equations 36-40.  Equations 34-40 show those used for the “c” matrix, where Equations 34 and 
35 describe the first and second term of the matrix. 
€ 
c11 = 1+
JΔt
2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟      (34) 
€ 
c12 = −
IΔt
4Δx       (35) 
€ 
cii =1+
JΔt
2       (36) 
€ 
cii−1 =
IΔt
4Δx       (37) 
€ 
cii+1 = −
IΔt
4Δx       (38) 
€ 
cNN =1−
IΔt
2Δx +
JΔt
2      (39) 
€ 
cNN −1 =
IΔt
2Δx       (40) 
Equations 41-43 show those needed for the “d” matrix.  Equation 41 shows the first value 
of the matrix, whereas Equations 42-43 are solved from i=2 to N-1. 
€ 
d1 = −
IΔt
4Δx TBFi−1
n + 1− JΔt2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TBF1
n +
IΔt
4Δx TBF2
n + JΔtTB1
n    (41) 
€ 
di = −
IΔt
4Δx TBFi−1
n + 1− JΔt2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TBFi
n +
IΔt
4Δx TBFi+1
n + JΔtTBi
n    (42) 
€ 
dn = −
IΔt
4Δx TBFN−1
n + 1+ IΔt2Δx −
JΔt
2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ TBFN
n + JΔtTFN
n    (43) 
The c and d matrices are solved to determine the value of TBF, using “linsolve” in MATLAB. 
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2.1.4. Solar Irradiance 
Multiple models were studied to describe the effect of solar irradiance on the solar 
thermal power plant simulation.  Many literature models require real-time data, which was not 
possible for the purposes of this study.  A simplified version of the model used by Powell and 
Edgar was utilized and adapted to the solar thermal power plant simulation.  Values for the 
model were taken to be July in Hong Kong [24].  Simulation testing was done to ensure the solar 
irradiance followed a pattern that matches solar radiation.  The final result of this testing is 
illustrated in Figure 6. 
 
	  
Figure 6:  Solar irradiance (Ic) vs. time from MATLAB solar thermal power plant model 
 
As demonstrated by Figure 6, it can be seen that the solar irradiance is zero when there is 
no sunlight.  At sunrise (6AM for this model), the irradiance begins to increase and at midday, 
the irradiance starts to decline until sunset (6PM) is reached. 
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The ASHRAE Model [25] was utilized in this study to determine the solar irradiance (Ic), 
which is dependent on time and shown in Equation 44. 
€ 
IC = IN cosθ z + ID      (44) 
where θz is the solar zenith angle, which depends on location, day and time of the year and ID is 
the hourly diffuse radiation.   
 Equation 45 describes the calculation for the hourly diffuse radiation. 
€ 
ID = C * IN       (45) 
where C is a constant dependent on the month of the year and IN is the irradiance in the direction 
of rays, which is described by Equation 46. 
€ 
IN = Aexp
−B
cos θZ( )
⎡ 
⎣ 
⎢ 
⎢ 
⎤ 
⎦ 
⎥ 
⎥ 
     (46) 
where A and B are constants that depend on the month of the year and θZ is the solar zenith 
angle.   
 Equation 47 calculates the solar zenith angle, which is used in Equations 44 and 46. 
€ 
θ z = arccos sinφ sinδ + cosφ cosω( )     (47) 
where Φ is the location, δ is the solar declination and ω is the hour angle, which is shown in 
Equation 48. 
€ 
ω =15° 12 − t( )      (48) 
where t is the time of day. 
For the constants that depend on the month of year, July was chosen and these results are 
summarized in Table 2. 
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Table 2:  Constants used for the month of July in Hong Kong according to the ASHRAE Model [24] 
Constant Value for July (W/m2) 
A 1085 
B 0.207 
C 0.134 
 
2.1.5. Power Generation 
 In order to have a measurable quantity that could be compared between various heat 
transfer fluids, power generation was calculated and the main result analyzed.  The temperature 
difference between the heat transfer fluid at the entrance and exit was an important factor to 
determine the mass flow rate of steam within the boiler.  Seventy percent efficiency for the steam 
turbine was assumed in the power generation calculations.  Equations 49 and 50 were used to 
determine power output during the power plant simulation. 
€ 
˙ m steam =
˙ m CF TF ,in −TF ,out( )
HF ,g
     (49) 
where 
€ 
˙ m steam is the mass flow rate of steam, HF,g is the enthalpy of vaporization of water at the 
boiler temperature, TF,in is the heat transfer fluid temperature at the boiler inlet and TF,out is the 
heat transfer fluid temperature at the boiler outlet.  The mass flow rate of steam is calculated at 
each time interval during the power plant simulation as the heat transfer fluid temperature 
changes.  Using the mass flow rate of steam, the power output is calculated in Equation 50. 
€ 
P = ˙ m steam * Hsteam *1000*0.70      (50)  
where Hsteam is the enthalpy, 1000 is a conversion factor from kJ to J, and 0.70 is the efficiency.  
For these calculations, a constant mass flow rate and isobaric system were assumed.  
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2.2 Molten Salt Analysis 
2.2.1. Molten Salts as Heat Transfer Fluids 
 “Molten salts are regarded as the ideal materials for use in solar power plant because of 
their excellent thermal stability under high temperatures, low vapor pressure, low viscosity, high 
thermal conductivities, non-flammability and non-toxicity” [13].  Many studies focused on using 
molten salts as a heat transfer fluid in solar thermal power plants. 
 Present molten salts include nitrates, chlorides, fluorides, and carbonates.  Fluorides are 
primarily used for nuclear reactors, due to their high heat storage capacity.  Chlorides are 
attractive in terms of their high heat fusion and low cost, but are less attractive with regards to 
high corrosiveness.  Carbonates are used for high temperature latent heat storage.  Nitrates or 
nitrites have low chemical reactivity, low corrosiveness, and low cost, which makes them 
suitable for heat transfer and thermal storage applications in solar thermal power plants.  Each of 
these materials can be further improved by eutectic compositions to lower the melting point [26]. 
 Qiang Peng et al. obtained a molten salt with a lower melting point and used numerical 
methods to predict melting point of multi-component systems.  A higher working temperature 
(greater than 500°C) increases the fluid output temperature, which consequently increases the 
Rankine cycle efficiency to 40%.  The main drawback to molten salts is the high melting point, 
which is fixed through eutectic mixtures.  Their research established a new possibility of a 
quaternary reciprocal system (K, Na/NO2, Cl, NO3), whose properties were determined by 
conformal ionic solution theory [26].  
 The most currently used salts are based on nitrates/nitrites.  Solar salt (60wt% NaNO3-
40wt% KNO3) was the heat transfer fluid used in the Solar Two and in many plants in Spain, 
with a melting temperature of 220°C.  Hitec (7wt% NaNO3-53wt% KNO3-40wt% NaNO2), 
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which has a lower melting temperature of 142°C.  Hitec XL (7wt% NaNO3-45wt% KNO3-
48wt%-Ca(NO3)2) has the lowest melting temperature of 120°C, but a lower thermal stability 
than Solar Salt and Hitec.  Table 3 summarizes the properties of molten salts used in this thesis 
research and those commonly used in industry [16]. 
Table 3:  Summary of Relevant Molten Salt Properties [22, 27, 28, 29] 
Material Melting Temperature Heat Capacity 
at 500-600 K 
Composition 
NaCl 797°C  1145 J/kgK 100 wt% NaCl 
KCl 772°C 954 J/kgK 100 wt% KCl 
NaCl-KCl 658°C N/A 50wt% NaCl-50wt% KCl 
Solar Salt 220°C 1495 J/kgK 60wt% NaNO3-40wt% KNO3 
Hitec 142°C 1560 J/kgK 7wt% NaNO3-53wt% KNO3-40wt% NaNO2 
Hitec XL 120°C 1447 J/kgK 7wt% NaNO3-45wt% KNO3-48wt%-Ca(NO3)2 
 
 Many molten salts exist as thermal energy storage materials in current solar thermal 
power plants.  Solar salt is used at the 10MWe Solar Two project in California, USA and the 
Andasol plant in Spain.  Solar salt has a high thermal stability, low cost and high melting point.  
The main challenge with molten salts is their high freezing point [22, 26].  
 
2.2.2. NaCl and KCl Crystal Structure Development  
NaCl and KCl are cubic cell structures and were studied as a result of their simplicity.  
Both crystals provide the starting point to analyze molten salts in the solar power plant 
simulation.  In order to determine the desired physical properties, their unit cell must first be 
implemented into MATLAB to replicate the cubic cell structure.  Both unit cells provide a 
similar procedure, with differences in lattice parameter and atomic mass, which are easily 
changed within the code. 
For a cubic structure, each side is the same size in all directions (Lx=Ly=Lz=a).  
Equation 51 was used to calculate the lattice parameter, a. 
	  	  
25	  	  
€ 
a =
M NA
ρ
3       (51) 
where M is the mass of the atoms, NA is Avogadro’s number and ρ is the density of the crystal.   
The simulation box needed to be large enough to obtain reliable trajectories.  The atomic 
positions for Na+ and Cl- were replicated in each direction using “for loops”. The lattice was 
replicated 8 times in the x-direction and 4 times in the y- and z-directions.  The box was larger in 
the direction where the crystal growth occurred, which is the x-direction.  1024 atoms were 
desired for the box simulation, which required 128 unit cells, since there are 8 atoms in the unit 
cell.  By replicating 8x4x4 times, the desired number of unit cells is achieved.  Figure 7 shows 
the MATLAB result for the NaCl crystal lattice.  The KCl crystal lattice is the same crystal 
structure, but with a different lattice parameter. 
	  
Figure 7:  NaCl Crystal Lattice from MATLAB 	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   The actual unit cell structure of NaCl is illustrated in Figure 8.  Figure 7 shows how the 
unit cell was replicated to achieve 1024 atoms in total.  The unit cell in Figure 8 can be seen 
multiple times throughout Figure 7 for the simulation box necessary for crystal growth.  
	  
Figure 8:  Unit Cell Structure of NaCl [30] 	  
	   Similarly, the unit cell structure was developed for a NaCl-KCl mixture.  The procedure 
was the same as that of the individual NaCl and KCl crystal structure development.  The eutectic 
system provides an important analysis since it lowers the melting temperature of the individual 
components.  The crystal structure was developed using a 50/50 split between NaCl and KCl.  A 
similar structure to Figure 7 was produced, but incorporated a 25% atomics mixture of Na+ and 
K+ ions and 50% of the atoms were Cl- ions. 
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3. Materials and Methods 
3.1 Materials 
 The molten salts studied in this study were NaCl, KCl and a NaCl-KCl mixture.  NaCl 
and KCl have simple unit cell structures that could easily be replicated in MATLAB for use in 
the LAMMPS simulation.  NaCl and KCl do not possess the best properties for use as a heat 
transfer fluid in a solar thermal power plant, but they provide the building blocks for future 
studies that utilize more complex molten salts.  A NaCl-KCl eutectic mixture was studied and 
subsequently replicated in MATLAB to show the desirable effects of a molten salt mixture to 
lower the melting temperature. 
 
3.2 Methods 
 The objective of this study was to understand the viability of molten salts as a heat 
transfer fluid in a solar thermal power plant.  The solar thermal power plant simulation and unit 
cell crystal structure formulation was previously described in Section 2. 
The specific goals for the proposed research were: 
1. Develop a unit cell structure for NaCl, KCl and NaCl-KCl.  A solid box is developed 
for use in the determination of the melting temperature. 
2. Determine the material properties of NaCl, KCl and NaCl-KCl, including density, heat 
capacity and melting temperature.  Density and heat capacity will be determined for both 
the melt and crystal forms of the molten salt. 
3. Simulate a solar thermal power plant that would implement the previously determined 
material properties. 
	  	  
28	  	  
4. Evaluate the viability of the molten salts as heat transfer fluids in the solar thermal 
power plant simulation. 
The novelty of the proposed research is the incorporation of material properties into a solar 
thermal power plant simulation to understand various materials’ potential to work as a heat 
transfer fluid. 
 
3.2.1 Melting Temperature 
 The melting temperature for NaCl and KCl was determined using a computer simulation.  
The unit cell crystal structure models developed (as described in Section 2.2) were utilized in the 
computer simulation.  Each system contained 1024 particles (512 of each atom).  The simulation 
began by reading the atom definition and the Tosi-Fumi interaction potentials (Tables 3-5).   
 
Table 4: Aragones et al. Interaction Parameters for NaCl (Atom 1=Na, Atom 2=Cl) [28] 
Atom i Atom j Aij rhoij Cij Dij 
1 1 40870.574 0.317 101.172 48.177 
1 2 121075.589 0.317 674.480 837.078 
2 2 336258.850 0.317 6985.684 14031.589 
 
 
Table 5: Aragones et al. Interaction Parameters for KCl (Atom 1=K, Atom 2=Cl) [28] 
Atom i Atom j Aij rhoij Cij Dij 
1 1 150084.648 0.337 1463.380 1445.314 
1 2 172444.200 0.337 2890.628 4396.163 
2 2 185751.441 0.337 7497.566 15055.353 
  
 
 The following equations (Equations 52-55) were used to determine the interaction 
parameters for the NaCl-KCl mixture.  A, C and D are calculated with the geometric average, 
whereas rho is calculated through the inverse arithmetic average [31]. 
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€ 
Aij = ANaCl + AKCl       (52) 
€ 
Cij = CNaCl +CKCl       (53) 
€ 
Dij = DNaCl +DKCl       (54) 
€ 
rhoij =
1
rhoNaCl
+
1
rhoKCl      (55)
 
 
Table 6: Interaction Parameters for NaCl-KCl mixture (Atom1=Na, Atom 2=Cl, Atom 3=K) 
Atom i Atom j Aij rhoij Cij Dij 
1 1 9768.28 0.317 24.18 11.51 
1 2 28937.74 0.317 161.20 200.07 
2 2 59732.55 0.327 1729.7 3473.7 
1 3 18718.9 0.327 91.97 63.07 
2 3 4121.4 0.337 690.9 1050.7 
3 3 35871.1 0.337 349.8 345.4 
 
 
 The Tosi-Fumi model has the following form, as shown in Equation 56: 
€ 
U(rij ) = Aije
− rij
ρij −
Cij
rij6
+
Dij
rij8
+
qiq j
4πε 0rij      (56)
 
 
where rij is the distance between two ions and qi and qj are the charges.  The first term is the 
Born-Mayer repulsion term, the second and third terms are van der Waals interaction terms, and 
the last term is the Coulomb interaction.  Aij, Cij, Dij, and ρij are parameters specific to each 
halide interaction.  The internal expression used in the LAMMPS simulation differs from 
Aragones et al, such that the Dij-parameter takes a positive value [28]. 
Liquid/solid direct coexistence was utilized to compute the melting temperature, as 
demonstrated by Aragones et al.  Anisotropic pressure is used so each side of the simulation box 
changes independently.  For the purely melt simulations, isotropic pressure is used to provide 
equal fluctuation for each side of the box.  The first half of the simulation melts half the box 
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while the other half remains a crystal.  The second half equilibrates the whole box and runs for 
150,000 to 200,000 time steps.  Potential energy, total energy, volume, and temperature are 
recorded for each time step.   
The simulations were run at temperatures well above and below the theoretical melting 
point to have a basis for the simulations working ability.  Once a baseline for melting and 
crystallizing was established; different temperatures were utilized to determine the exact melting 
temperature of NaCl and KCl, as determined by the computer simulation.  A graph of potential 
energy vs. time step was the initial determination of melting or crystallizing.  An increasing 
potential energy was indicative of melting while a decreasing potential energy described 
crystallization.  The potential energy plateau was indicative of a stabilized simulation for melting 
or crystallization.  An unstable system was demonstrated by an oscillating potential energy that 
never reached a plateau [28]. 
 The melting temperature for the NaCl-KCl mixture could not be determined with 
computer simulation.  Alternative methods will be researched in future studies. 
 
3.2.2 Density and Heat Capacity 
 The heat capacity was calculated from the simulation results used for the melting 
temperature.  An average of the total energy was calculated and used as enthalpy.  Enthalpy vs. 
temperature was plotted.  Using the equation of best-fit line, the heat capacity was evaluated 
from the slope. 
The experimental density at each temperature increment was calculated using Equation 
57 for NaCl and KCl. 
€ 
ρ =
M
V      (57) 
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where M is mass and V is volume. 
These calculations were compared to the density calculations from a model developed by 
Janz et al, as shown in Equation 58. 
€ 
ρ = a − b ×10−3( )T      (58) 
For the temperature range of 1076-1303K for NaCl, a=2.1393 and b=0.543.  For a lower 
temperature range of 300-1000K, a=2.230 and b=3.130. 
 For KCl, a different model developed by Janz et al was utilized for all temperature 
ranges, as shown in Equation 59. 
€ 
ρ = 2.062 − 5.35 ×10−4T      (59) 
 
3.2.3. Tosi-Fumi Model Validation 
 The Tosi-Fumi model was used to simulate the interaction between atoms.  The Tosi-
Fumi model differs slightly from that used in the internal LAMMPS expression.  The value of Dij 
takes a positive value in the LAMMPS expression, whereas as Aragones et al. uses a negative 
value.  A brief study was done to compare the validity of using a positive or negative value for 
Dij.  Three studies were conducted to study room temperature, melt and crystal forms to compare 
values of volume and potential energy.  Tables 6 and 7 show the study conducted for the melt 
form to compare values of volume.  These values illustrate that the positive sign provides more 
accurate results when comparing model values and hence was used in the LAMMPS simulation.  
The experimental values compare more favorably with the –D value, but comparing the Adam’s 
model with the developed model provides a more accurate representation. 
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Table 7:  Comparison of Adams experimental and model values to Model values using +D [27] 
V (cm3/mol) 
Salt 
Adams exp % Error Adams MC-HM % Error Adams MC-P % Error Model Avg 
LiF 14.3 17.20 -- -- 17.18 2.44 16.7602 
KF 30.4 24.10 36.09 4.53 37.17 1.50 37.7257 
LiCl 28.2 11.11 30.35 3.24 35.89 12.70 31.333 
NaCl 37.6 9.63 39.72 3.78 46.37 11.10 41.2221 
KCl 48.8 14.66 53.1 5.37 61.19 8.56 55.9539 
RbCl 53.9 13.38 58.66 4.18 66.69 8.36 61.1127 
KBr 56 13.92 60.26 5.86 70.92 10.05 63.7924 
RbBr 60.9 6.23 65.85 13.28 -- -- 57.1074 
  
Table 8: Comparison of Adams experimental and model values to Model values using -D [27] 
V (cm3/mol) 
Salt  Adams exp % Error Adams MC-HM % Error Adams MC-P % Error Model Avg 
LiF 14.3 14.29 -- -- 17.18 4.87 16.3432 
KF 30.4 20.45 36.09 1.46 37.17 1.49 36.6179 
LiCl 28.2 5.74 30.35 1.75 35.89 16.92 29.8188 
NaCl 37.6 6.03 39.72 0.37 46.37 14.02 39.8673 
KCl 48.8 -- 53.1 -- 61.19 -- -- 
RbCl 53.9 -- 58.66 -- 66.69 -- -- 
KBr 56 8.57 60.26 0.89 70.92 14.27 60.7989 
RbBr 60.9 -- 65.85 -- -- -- -- 
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4. Results 
4.1 Melting Temperature:  NaCl and KCl 
 To determine the validity of the simulation, a temperature much higher and lower than 
the experimental melting temperature of NaCl and KCl were used.  Figure 9 shows that NaCl 
melts at 1090K and crystallizes at 1050K.  The experimental melting temperature of NaCl is 
1070K [28], which clearly falls between these two extreme values.  
	  
Figure 9:  Potential Energy vs. Time Steps to validate model for NaCl 
Figure 10 shows that KCl melts at 1080K and crystallizes at 1000K.  The experimental 
melting temperature of KCl is 1045K [27], which falls between these two extreme values used to 
validate the model for KCl.	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Figure 10:  Potential Energy vs. Time Steps to validate model for KCl 
Various temperatures were used in the simulation to determine the exact melting 
temperature.  Figure 11 shows the temperature range from 1062-1065K.  For the computer 
simulations used, the melting temperature of NaCl was determined to be between 1063-1064K. 
	  
Figure 11:  Potential energy vs. time steps to determine melting temperature of NaCl 
Figure 12 shows the temperature range from 1025-1030K.  The melting temperature of 
KCl was determined to be between 1027-1028K. 
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Figure 12:  Potential energy vs. time steps to determine melting temperature of KCl 
The simulation for NaCl-KCl did not stabilize to determine the melting temperature.  
Based on the melting temperatures of NaCl and KCl, the melting temperature of the eutectic 
NaCl-KCl system should be 931K for a 50mol% composition, according to the Handbook of 
Molten Salts.  Simulations for NaCl-KCl were run at extremely low and high temperatures to test 
the stability of the system.  Figure 13 shows the results obtained for 1050K, which presented an 
oscillating potential energy.  The time steps were increased in future simulation runs to allow 
time to stabilize, but similar results were achieved.  The unit cell parameters were also altered to 
allow extra space for the larger K atoms, but this also failed.  Melting was never achieved by the 
system due to the instability of the generated solid structure.    
The method previously described required a solid and a liquid coexisting inside the 
simulation box to determine if it melted or crystallized at a given temperature.  This method 
could not be utilized without a stable solid structure.  The actual solid structure of NaKCl is not 
known and could be completely different from the unit cell structure of NaCl and KCl. 
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Figure 13:  Potential energy vs. time steps for NaCl-KCl mixture at 1050K 
 
4.2 Heat Capacity and Density:  NaCl, KCl, NaCl-KCl Mixture 
The heat capacity was calculated from the simulation results used for the melting 
temperature.  An average of the total energy was calculated, which is the enthalpy of the system.  
Enthalpy vs. temperature was plotted.  Using the equation of best-fit line, the heat capacity was 
evaluated from the slope, which is the enthalpy divided by the temperature.  Figures 14-18 show 
the heat capacity for the melt and crystal forms for NaCl, KCl and NaCl-KCl.  The melt form 
was calculated at temperatures above the melting temperature whereas the crystal form was 
calculated from temperatures below the melting temperature.  Since the melting temperature was 
not determined for NaCl-KCl, the heat capacity was determined at temperatures above the 
experimental melting temperature.   
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Figure 14:  NaCl Melt Cp Calculation 	  
	  
Figure 15:  NaCl Crystal Cp Calculation 
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Figure 16:  KCl Melt Cp Calculation 	  
	  
Figure 17:  KCl Crystal Cp Calculation 
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Figure 18:  NaCl-KCl Melt Cp Calculation 	  
 The experimental density at each temperature was calculated using Equation 57 from the 
simulation data.  The simulation density was compared to the Janz et al, shown in Equation 58 
for NaCl and Equation 59 for KCl.  The results are shown through plots of density vs. 
temperature (Figures 19-23), which illustrates the difference between the model and the 
experimental simulation data for NaCl and KCl.  The density is also shown for the NaCl-KCl 
eutectic mixture and the experimental data. 
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Figure 19:  Plot of NaCl Melt Density vs. Temperature 	  
	  
Figure 20:  Plot of NaCl Crystal Density vs. Temperature 	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Figure 21:  Plot of KCl Melt Density vs. Temperature 	  
	  
Figure 22:  Plot of KCl Crystal Density vs. Temperature 
1.2	  1.25	  
1.3	  1.35	  
1.4	  1.45	  
1.5	  1.55	  
1000	   1050	   1100	   1150	   1200	   1250	  
D
en
si
ty
	  (
g/
cm
^
3
)	  
Temperature	  (K)	  
Handbook	  Model	  Simulation	  Model	  
1.5	  1.55	  
1.6	  1.65	  
1.7	  1.75	  
1.8	  
800	   850	   900	   950	   1000	   1050	  
D
en
si
ty
	  (
g/
cm
^
3
)	  
Temperature	  (K)	  
Simulation	  Model	  Handbook	  Model	  
	  	  
42	  	  
	  
Figure 23:  Plot of NaCl-KCl Melt Density vs. Temperature 
 
4.3 Solar Thermal Power Plant Results 
 The simulation established for the solar thermal power plant was utilized to study the 
parameters of KCl and NaCl and their effect on power.  A study was also conducted by varying 
density and heat capacity to see how power changes.  Figure 24 shows the power produced with 
the density and heat capacity determined through aforementioned simulations.  Both KCl (red 
line) and NaCl (green line) do not produce as much power as the fluid used in the original paper 
(blue line).  The density and heat capacity of the NaCl-KCl mixture could not be determined at 
600K, since the crystal simulation did not produce valid results. 
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Figure 24:  Plot of Power (W) vs. Time (hrs) for KCl and NaCl data 
Table 8 shows a comparison of density and heat capacity for the original fluid, NaCl and 
KCl at 600K.  The original fluid has a much higher heat capacity than NaCl or KCl.  NaCl has a 
higher heat capacity than KCl.  Figure 24 illustrates that a higher heat capacity produces a higher 
power output.  The effect of density cannot be directly determined from the results in Figure 24. 
Table 9:  Physical Properties for Figure 20 
Fluid Density Heat Capacity  
Original Fluid (Powell and  
Edgar 2012) 
900 kg/m3 2300 J/kgK 
NaCl  1995 kg/m3 1145 J/kgK 
KCl 1840 kg/m3 954 J/kgK 	  
To verify the results from the NaCl, KCl and original fluid study, a heat capacity 
comparison was conducted.  Figure 25 plots power vs. time for varying heat capacities with a 
constant density.  A heat capacity of 2000J/kgK (red line) has a significantly higher power than 
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1000J/kgK (green line).  As the heat capacity doubles, so does the power output.  There is also a 
slight increase in power output as heat capacity is increased from 900J/kgK (blue line) to 
1000J/kgK (green line). 
	  
Figure 25:  Plot of Power (W) vs. Time (hrs) for varying Cp 
Figure 26 shows the power output vs. time for varying density and constant heat capacity.  
Densities of 2000kg/m3 (red line), 1000 kg/m3 (green line), 900kg/m3 (blue line), 800 kg/m3 
(magenta line) and 700kg/m3 (cyan line) produce almost identical results for power output.  
There is a slight variation in power, which can be accounted for as an error in the simulation.  
The general trend produces the same results, which demonstrates that density does not affect the 
power output. 
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Figure 26:  Plot of Power (W) vs. Time (hrs) for varying density 
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5. Conclusions 
 The global increase in energy consumption demands alternative forms of energy.  Three 
main problems exist for the world energy supply, which are the “limitations of fossil fuel 
resources, climate change by CO2 emissions, and insecurity by nuclear weapon competence and 
radioactive materials”  [10].  These growing concerns point towards renewable energy as the 
solution to meet the world’s energy demands.  The sun has the potential to meet these needs, but 
it is necessary to address the intermittent nature of solar energy.  Solar thermal storage allows the 
possibility to utilize solar energy on cloudy days and during the nighttime.  This thesis focused 
on the study of molten salts as heat transfer fluids for solar thermal storage. 
 Previous work conducted by Powell and Edgar studied thermal storage in power plant 
simulations.  Their study showed that thermal storage improved power output.  Their research 
was extended in this thesis to incorporate the study of various molten salts as heat transfer fluids 
for solar thermal storage.  Previous studies have shown the potential of molten salts as viable 
heat transfer fluids and this approach can be applied to additional molten salts. 
 Research started with the replication of the unit cell structure of NaCl, KCl and a eutectic 
mixture in MATLAB.  Using their unit cell structures, melting temperature, density and heat 
capacity were determined.  The power plant simulation was recreated to examine their ability as 
a heat transfer fluid using the previously determined material properties.  These particular salt 
structures do not function as viable heat transfer fluids, but the combined simulations provide the 
building blocks for future studies of molten salts.  Combining material property determination 
with a power plant simulation creates the possibility to study complex molten salts as heat 
transfer fluids in a controlled setting.  Experimental studies of molten salts are extremely 
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expensive and time consuming, which presents numerical testing and simulations as a desirable 
method to determine molten salt properties. 
 The melting temperature was the first material property determined to distinguish 
between the melt and crystal forms.  Table 10 summarizes the experimental and model values for 
melting temperatures of NaCl, KCl and the eutetic mixture of NaCl and KCl.  The model value 
for melting temperature for the eutectic mixture could not be determined due to the interaction 
parameters.  The low percent error validates the model’s ability to successfully determine the 
melting temperature of a crystal.  A stable solid structure in the simulation is needed in order to 
correctly calculate the melting temperature for the NaCl-KCl mixture.  The simulation was not 
able to reach a value after countless changes to the simulation. 
Table 10: Melting Temperature Experimental and Model Values 
 Experimental Melting 
Temperature [Handbook] 
Model Melting 
Temperature 
% Error 
NaCl 1070 K 1063 – 1064 K 0.607 % 
KCl 1045 K 1027 – 1028 K 1.67 % 
NaCl (50wt%) – 
KCl (50wt%) 
931 K N/A N/A 
 
 Using the melting temperature to distinguish between the melt and crystal forms, the heat 
capacity and density were determined for both forms.  Table 11 summarizes the results from the 
computer simulations compared to their experimental values [29].  Experimental results were not 
available for the NaCl-KCl mixture.  The percent error is very low for NaCl showing the heat 
capacity was correctly determined and the simulation ran smoothly.  The percent error is a little 
high for KCl, which could be accounted for in the simulation from the MATLAB code reading 
the atomic positions for the KCl crystal structure. 
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Table 11:  Cp Model and Simulation Values 
 Model Simulation Cp Experimental Cp % Error  
NaCl Crystal 15 cal/molK 16 cal/molK 6.25% 
NaCl Melt 16 cal/molK 16 cal/molK 0% 
KCl Crystal 17 cal/molK 12.4 cal/molK 37.3% 
KCl Melt 16 cal/molK 12.4 cal/molK 29.2% 
NaCl-KCl Mixture 15.5 cal/molK N/A N/A 
 
 Tables 12-15 summarize the results for density for NaCl and KCl in the melt and crystal 
forms.  The results from the simulation are within a reasonable range to the density models.  The 
slight error can be accounted for from a difference in interaction parameters between the 
simulation and Janz et. al model (Equations 58 and 59). 
 
Table 12:  NaCl Crystal Density Values 
Temperature (K) Density Simulation Density Model %Error 
844 1.920 1.966 2.354 
864 1.913 1.960 2.359 
884 1.907 1.953 2.392 
904 1.884 1.947 3.255 
924 1.889 1.941 2.679 
944 1.882 1.935 2.735 
964 1.871 1.928 2.957 
984 1.864 1.922 3.007 
1004 1.855 1.916 3.167 
1024 1.845 1.909 3.392 
1044 1.833 1.903 3.693 
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Table 13:  NaCl Melt Density Values 
Temperature (K) Density Simulation Density Model %Error 
1064 1.420 1.562 9.091 
1084 1.409 1.551 9.125 
1104 1.397 1.540 9.292 
1124 1.389 1.529 9.146 
1144 1.378 1.518 9.217 
1164 1.367 1.507 9.313 
1184 1.355 1.496 9.451 
1204 1.346 1.486 9.371 
1224 1.335 1.475 9.496 
1244 1.325 1.464 9.505 
1264 1.314 1.453 9.574 
 
Table 14:  KCl Crystal Density Values 
Temperature (K) Density Simulation Density Model %Error 
810 1.778 1.629 9.193 
830 1.771 1.618 9.482 
850 1.764 1.607 9.771 
870 1.758 1.597 10.118 
890 1.751 1.586 10.440 
910 1.744 1.575 10.690 
930 1.737 1.564 11.020 
950 1.729 1.554 11.273 
970 1.721 1.543 11.533 
990 1.713 1.532 11.802 
1010 1.706 1.522 12.138 
 
Table 15:  KCl Melt Density Values 
Temperature (K) Density Simulation Density Model %Error 
1030 1.337 1.511 11.499 
1050 1.326 1.500 11.625 
1070 1.315 1.490 11.691 
1090 1.306 1.479 11.684 
1110 1.294 1.468 11.880 
1130 1.282 1.457 12.062 
1150 1.270 1.447 12.241 
1170 1.261 1.436 12.200 
1190 1.248 1.425 12.432 
1210 1.241 1.415 12.310 
1230 1.229 1.404 12.469 
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 The density and heat capacity for NaCl and KCl were successfully tested in the solar 
power plant simulation to determine their ability as a heat transfer fluid.  NaCl and KCl were not 
able to compete with the original fluid used by Powell and Edgar. A main source of error was for 
NaCl and KCl at 600K, the temperature for the power plant simulation, both materials are in the 
crystal form.  Random values of heat capacity and density were tested to understand the 
relationship to achieve a higher power output.  An increased heat capacity led to a higher power 
output whereas varying density did not affect the power.  The ability to combine material 
property determination with a solar power plant simulation creates the possibility for future 
development of molten salts as heat transfer fluids. 
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6. Future Work 
6.1 Power Plant Simulation 
 A more realistic power plant simulation would incorporate thermal storage and other 
necessary material properties.  At the current state of research, the solar thermal storage is not 
included in the model, which is essential to truly understand how molten salts work as a heat 
transfer fluid.  The addition of solar thermal storage to the model would allow for a further study 
of the melting temperature, as it is vital to understand the heat transfer fluid’s use in thermal 
storage.  Variable density was not accounted for during temperature changes within the 
simulation.  As seen from the density calculations, density varies with respect to temperature and 
should thus change within the simulation.  The temperatures utilized in the simulation do not 
vary drastically, which presents this density variability as a small source of error.  
 
6.2 Crystal Structure 
 The crystal structures of NaCl and KCl were utilized throughout this study due to their 
simplistic unit cell structure.  The eutectic mixture of NaCl and KCl was also studied, but the 
melting temperature was not successfully determined through the simulations.  The eutectic 
composition lowers the melting temperature of the compounds, which is a desirable property for 
thermal energy storage materials.  This research can be used as the building blocks for future 
studies of more complex molten salts.  The heat capacity of NaCl and KCl demonstrate their 
inability to function as a heat transfer fluid in an actual solar thermal power plant.  The heat 
capacities of Solar Salt, Hitec, and Hitec XL present themselves as viable candidates for a heat 
transfer fluid. 
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8. Appendix 
 
8.1 Solar Power Plant Simulation Code from MATLAB 
 
% Semi-implicit solution of the Solar Plant 
% First balance: dTF/dt = AdTF/dx + B(Ta-Tf) 
clf(1);clf(2);clf(3); 
L=200; % length of domain in x-direction 
tini=0*3600; % 4h in the morning 
tend=24*3600; % Length of calculation in h  
TF0=600; % Initial temperature of fluid & Cold tank T 
TA0=298; % Initial temperature of absorber 
TE0=298; %Initial temperature of glass envelope 
TB=523; 
TFB0=298; % Initial temperature of fluid & Cold tank T 
Tsky=298;  
Tair=298;  
  
% FLUID PARAMETERS 
rho=900; %kg/m^3 
Cf=2300; %J/kgK 
Aai=1.9*10^-3; %m^2 
mdot=0.01; %kg/s (variable) ? 
hP=1000; %W/m^2*C (variable) 
Pai=0.016; %m 
  
%A=mdot/(rho*Cf*Aai); 
A=mdot/(rho*Aai); 
B=hP*Pai/(rho*Cf*Aai); 
  
% ABSORBER PARAMETERS 
% Define constants and initial conditions for Absorber Pipe  
rhoA=7850; %kg/m^3 
Ca=460; %J/kgK 
Aa=8.6*10^-4; %m^2 
C=hP*Pai/(rhoA*Ca*Aa); 
  
sigma=5.7*10^-8; %W/m^2K^4 
epsa=0.18; %dimensionless 
epse=0.9; %dimensionless 
rai=0.025; %m 
rao=0.03; %m 
Pao=0.019; %m 
D=(sigma/((1/epsa)+((1-epse)/epse)*(rao/rai)))*Pao/(rhoA*Ca*Aa); 
  
% ENVELOPE PARAMETERS 
rhoE=2400; %kg/m^3 
Ce=480; %J/kgK 
Ae=2.8*10^-3; %m^2 
hair=100; %W/m^2C (variable) 
  
F=(sigma/((1/epsa)+((1-epse)/epse)*(rao/rai)))*Pao/(rhoE*Ce*Ae); 
G=sigma*epse*Pao/(rhoE*Ce*Ae);  
H=hair*Pao/(rhoE*Ce*Ae);  
  
% Values to calculate efficiency  
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v=0.97; 
tau=0.96; 
alpha=0.98; 
gamma=0.99; 
w=2.5; %m 
  
% STEAM BOILER PARAMETERS 
Api=2.8*10^-3;  %m^2 
Ppi=0.016; %m  
  
%I=mdot/(rho*Cf*Api); 
I=mdot/(rho*Api); 
J=(hP*Ppi)/(rho*Cf*Api); 
  
% Discretization of domain 
M=10000; 
N=20; 
  
dx=L/N; 
dt=tend/M; 
x=0:dx:L; 
  
% Initialize arrays 
TF=zeros(1,N+1); 
TA=zeros(1,N+1); 
TE=zeros(1,N+1); 
TFB=zeros(1,N+1); 
TF(1:N+1)=TF0; 
TA(1:N+1)=TA0; 
TE(1:N+1)=TE0; 
TFB(1:N+1)=TFB0; 
  
% System matrix for the Crank-Nicholson scheme of the Fluid energy balance 
a=zeros(N,N); 
X=zeros(N,1); 
b=zeros(N,1); 
  
%System matrix for Crank-Nicholson scheme of Boiler energy balance 
c=zeros(N,N); 
Z=zeros(N,1); 
d=zeros(N,1); 
  
% Fill a matrix 
a(1,1)=1+B*dt/2; 
a(1,2)=-A*dt/4/dx; 
  
for i=2:N-1 
    a(i,i-1)=A*dt/4/dx; 
    a(i,i)=1+B*dt/2; 
    a(i,i+1)=-A*dt/4/dx; 
end 
a(N,N-1)=A*dt/2/dx; 
a(N,N)=1-A*dt/2/dx+B*dt/2; 
     
% Fill c matrix 
c(1,1)=1+J*dt/2; 
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c(1,2)=-I*dt/4/dx; 
for i=2:N-1 
    c(i,i-1)=I*dt/4/dx; 
    c(i,i)=1+J*dt/2; 
    c(i,i+1)=-I*dt/4/dx; 
end 
c(N,N-1)=I*dt/4/dx; 
c(N,N)=1+J*dt/2; 
  
for j=1:M; %loop over time 
  
    t=tini+j*dt; 
  
    % 1) Semi-implicit (Crank-Nicholson) for the advection equation of the 
    % fluid 
    for i=1:N 
        X(i)=TF(i+1); 
    end 
     
    %Fill b vector 
    b(1)=-A*dt/2/dx*TF(1)+(1-B*dt/2)*X(1)+A*dt/4/dx*X(2)+B*dt*TA(2); 
    for i=2:N-1 
        b(i)=-A*dt/4/dx*X(i-1)+(1-B*dt/2)*X(i)+A*dt/4/dx*X(i+1)+B*dt*TA(i+1); 
    end 
    b(N)=-A*dt/2/dx*X(N-1)+(1+A*dt/2/dx-B*dt/2)*X(N)+B*dt*TA(N+1); 
     
    X=linsolve(a,b); 
    for i=1:N; 
        TF(i+1)=X(i); 
    end 
  
   for i=0:60; 
        K=1+0.1*(1/cos(i)-1); 
        n=K*v*tau*alpha*gamma; 
    end 
     
    %E = Ic(t)*n*w/10; 
    E = Ic(t)*n*w; 
  
    % 2) Explicit equation for the absorber 
    for i=1:N+1; 
        TA(i)=TA(i)+dt*C*(TF(i)-TA(i))-D*(TA(i)^4-TE(i)^4)*dt+E*dt; 
    end 
         
    % 3) Explicit equation for Envelope 
    for i=1:N+1; 
        TE(i)=TE(i)+dt*F*(TA(i)^4-TE(i)^4)-dt*G*(TE(i)^4-Tsky^4)-dt*H*(TE(i)-
Tair); 
    end 
     
    % 4) Implicit equation for Steam Boiler 
    for i=1:N 
        Z(i)=TFB(i+1); 
    end 
     
    %Fill d vector 
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    TFB(1)=TF(N+1); 
    d(1)=-I*dt/2/dx*TFB(1)+(1-J*dt/2)*Z(1)+I*dt/4/dx*Z(2)+J*dt*TB; 
    for i=2:N-1 
        d(i)=-I*dt/4/dx*Z(i-1)+(1-J*dt/2)*Z(i)+I*dt/4/dx*Z(i+1)+J*dt*TB; 
    end 
    d(N)=-I*dt/4/dx*Z(N-1)+(1-J*dt/2)*Z(N)+J*dt*TB; 
     
    Z=linsolve(c,d); 
    for i=1:N; 
        TFB(i+1)=Z(i); 
    end 
 
     % 5) Determine flow rate of steam and power generated 
     Hfg=1715; % J/kg 
     Hsteam=2800; %kJ/kg 
     efficiency=0.7; %of turbine 
     msteam=(mdot*Cf*(TF(N+1)-TFB(N+1)))/Hfg; 
     P=msteam*Hsteam*1000*efficiency; 
     
    figure(1); 
    plot(x,TF,'--',x,TA,'*',x,TE,'-',x,TFB,'o','linewidth',2); 
    %plot(x,TF,'--',x,TA,'*',x,TE,'-','linewidth',2); 
    title(['Time=', num2str(t/3600), ' h']); 
    xlabel('Length (m)'); 
    ylabel('Temperature (K)'); 
    legend('TF','TA','TE','TFB'); 
    %legend('TF','TA','TE'); 
     
    figure(2); 
    hold on  
    plot (t/3600, Ic(t), '*'); 
    xlabel('Time (h)'); 
    ylabel('Ic (W/m2)'); 
     
    figure(3); 
    hold on 
    plot(t/3600,P,'x'); 
    xlabel('Time (h)'); 
    ylabel('Power (J/s)'); 
    hold off 
     
    pause (0.01); 
  
    % SAVE RESULTS TO FILE 
    if (mod(j,10)==0)  
        fid = fopen (['RESULTS',num2str(t/3600),'.dat'], 'w'); 
        for i=1:N+1; 
           fprintf(fid, '%f %f %f %f\n', x(i), TF(i), TA(i), TE(i)); 
        end     
        fclose(fid); 
    end 
     
end 
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8.2 ASHRAE Model for Solar Irradiance 
 
function f=Ic(t) 
  
% Define conditions for ASHRAE Model for Ic  
A1=1085; 
B1=0.207; 
C1=0.134; 
phi = 1.39626340159546; %random value 
n=180; % day of the year 
tp=t/3600; 
  
delta=23.45*sin(2*pi*(284+n)/365); %random value 
omega=15*pi/180*(12-tp); 
costheta=sin(phi)*sin(delta*pi/180)+cos(phi)*cos(delta*pi/180)*cos(omega); 
  
if cos(omega)>0 
    IN=A1*exp(-B1/costheta); 
    ID=C1*IN; 
    f=(IN*costheta+ID)/3600;  
else 
    f=0; 
end 
 
8.3 NaCl Crystal Lattice for LAMMPS Simulation 
 
% Create orthorombic superlattice  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Main variables of problem 
%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Nx=8;   % Number of unit lattices 
Ny=4; 
Nz=4; 
% Size of unit lattice sides (in nm) 
% Data for NaCl 
Lx=0.564; 
Ly=0.564; 
Lz=0.564; 
  
%%%%%%%%%%%%%%%%%%%%%%% 
% Atoms in unit lattice 
%%%%%%%%%%%%%%%%%%%%%%% 
natoms=8; 
% Identity of atoms in unit lattice 
natomtypes=2; 
mass=zeros(1,natomtypes); 
mass(1:natomtypes)=[22.989;35.453]; 
charge=zeros(1,natomtypes); 
charge(1:natomtypes)=[+1;-1]; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Initialization of unit cell data 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
id=zeros(1,natoms,'int8'); 
id(1:natoms)=[1;2;2;1;2;1;1;2]; 
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xul=zeros(1,natoms); % Coordinates in units of lattice sides 
yul=zeros(1,natoms); 
zul=zeros(1,natoms); 
% NaCl unit lattice 
xul(1:natoms)=[0;0;0;0;0.5;0.5;0.5;0.5]; 
yul(1:natoms)=[0;0;0.5;0.5;0;0;0.5;0.5]; 
zul(1:natoms)=[0;0.5;0;0.5;0;0.5;0;0.5]; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Create coordinates for replicated copies of the unit cell 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
n=natoms*Nx*Ny*Nz; 
x=zeros(1,n); 
y=zeros(1,n); 
z=zeros(1,n); 
m=zeros(1,n); 
c=zeros(1,n); 
atid=zeros(1,n); 
for i=1:Nx, 
    for j=1:Ny, 
        for k=1:Nz, 
            for l=1:natoms, 
                ind=(i-1)*Ny*Nz*natoms + (j-1)*Nz*natoms + (k - 1)*natoms + 
l; 
                x(ind)=(i-1)*Lx+xul(l)*Lx; 
                y(ind)=(j-1)*Ly+yul(l)*Ly; 
                z(ind)=(k-1)*Lz+zul(l)*Lz; 
                m(ind)=mass(id(l)); 
                c(ind)=charge(id(l)); 
                atid(ind)=id(l); 
            end 
        end 
    end 
end 
  
%% Render crystal 
set(gcf,'renderer','opengl'); 
scatter3(x,y,z,2*m,c,'fill'); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Generate GROMACS OUTPUT FILE 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
fid = fopen('conf.g96', 'w'); 
  
% HEADER 
fprintf(fid, 'TITLE\n'); 
fprintf(fid, 'NaCl\n'); 
fprintf(fid, 'END\n'); 
  
fprintf(fid, 'POSITION\n'); 
for i=1:n, 
    % MOLID MOLNAME ATOMNAME MOLID x y z 
    if atid(i)==1 
        s='Na'; 
    else 
        s='Cl'; 
    end 
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    fprintf(fid, '%5d%6s%4s%9d%15.9f%15.9f%15.9f\n', i, 'NaCl', s, i, x(i), 
y(i), z(i)); 
end 
fprintf(fid, 'END\n'); 
  
fprintf(fid, 'BOX\n'); 
fprintf(fid, '%15.9f%15.9f%15.9f\n', Nx*Lx, Ny*Ly, Nz*Lz); 
fprintf(fid, 'END\n'); 
  
fclose(fid); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Generate LAMMPS OUTPUT FILE 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
fid = fopen('conf.dat', 'w'); 
  
% HEADER 
fprintf(fid, 'LAMMPS Crystal configuration generated from MATLAB\n'); 
fprintf(fid, '\n'); 
fprintf(fid, '%d atoms\n', n); 
fprintf(fid, '%d bonds\n', 0); 
fprintf(fid, '%d angles\n', 0); 
fprintf(fid, '%d dihedrals\n', 0); 
fprintf(fid, '%d impropers\n', 0); 
fprintf(fid, '\n'); 
fprintf(fid, '%d atom types\n', natomtypes); 
fprintf(fid, '%d bond types\n', 0); 
fprintf(fid, '%d angle types\n', 0); 
fprintf(fid, '%d dihedral types\n', 0); 
fprintf(fid, '%d improper types\n', 0); 
fprintf(fid, '\n'); 
fprintf(fid, '%15.9f %15.9f xlo xhi\n', 0, 10*Nx*Lx); 
fprintf(fid, '%15.9f %15.9f ylo yhi\n', 0, 10*Ny*Ly); 
fprintf(fid, '%15.9f %15.9f zlo zhi\n', 0, 10*Nz*Lz); 
fprintf(fid, '\n'); 
fprintf(fid, 'Masses\n'); 
fprintf(fid, '\n'); 
for i=1:natomtypes, 
    fprintf(fid, '%d %f\n', i, mass(i)); 
end 
fprintf(fid, '\n'); 
fprintf(fid, 'Atoms\n'); 
fprintf(fid, '\n'); 
for i=1:n, 
    % atom-ID molecule-ID atom-type q x y z ("full" atom_style) 
    fprintf(fid, '%d %d %d %f %f %f %f\n', i, 0, atid(i), c(i), 10*x(i), 
10*y(i), 10*z(i)); 
end 
fprintf(fid, '\n'); 
fclose(fid); 
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8.4 KCl Crystal Lattice for LAMMPS Simulation 
% Create orthorombic superlattice  
  
%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Main variables of problem 
%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Nx=8;   % Number of unit lattices 
Ny=4; 
Nz=4; 
% Size of unit lattice sides (in nm) 
% Data for KCl 
Lx=0.63; 
Ly=0.63; 
Lz=0.63; 
  
%%  
%%%%%%%%%%%%%%%%%%%%%%% 
% Atoms in unit lattice 
%%%%%%%%%%%%%%%%%%%%%%% 
natoms=8; 
% Identity of atoms in unit lattice 
natomtypes=2; 
mass=zeros(1,natomtypes); 
mass(1:natomtypes)=[39.0983; 35.453]; 
charge=zeros(1,natomtypes); 
charge(1:natomtypes)=[+1;-1]; 
  
%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Initialization of unit cell data 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
id=zeros(1,natoms,'int8'); 
id(1:natoms)=[1;2;2;1;2;1;1;2]; 
xul=zeros(1,natoms); % Coordinates in units of lattice sides 
yul=zeros(1,natoms); 
zul=zeros(1,natoms); 
% NaCl unit lattice 
xul(1:natoms)=[0;0;0;0;0.5;0.5;0.5;0.5]; 
yul(1:natoms)=[0;0;0.5;0.5;0;0;0.5;0.5]; 
zul(1:natoms)=[0;0.5;0;0.5;0;0.5;0;0.5]; 
  
%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Create coordinates for replicated copies of the unit cell 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
n=natoms*Nx*Ny*Nz; 
x=zeros(1,n); 
y=zeros(1,n); 
z=zeros(1,n); 
m=zeros(1,n); 
c=zeros(1,n); 
atid=zeros(1,n); 
for i=1:Nx, 
    for j=1:Ny, 
        for k=1:Nz, 
            for l=1:natoms, 
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                ind=(i-1)*Ny*Nz*natoms + (j-1)*Nz*natoms + (k - 1)*natoms + 
l; 
                x(ind)=(i-1)*Lx+xul(l)*Lx; 
                y(ind)=(j-1)*Ly+yul(l)*Ly; 
                z(ind)=(k-1)*Lz+zul(l)*Lz; 
                m(ind)=mass(id(l)); 
                c(ind)=charge(id(l)); 
                atid(ind)=id(l); 
            end 
        end 
    end 
end 
  
%% Render crystal 
set(gcf,'renderer','opengl'); 
scatter3(x,y,z,2*m,c,'fill'); 
  
%%  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Generate GROMACS OUTPUT FILE 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
fid = fopen('confKCl.g96', 'w'); 
  
% HEADER 
fprintf(fid, 'TITLE\n'); 
fprintf(fid, 'KCl\n'); 
fprintf(fid, 'END\n'); 
  
fprintf(fid, 'POSITION\n'); 
for i=1:n, 
    % MOLID MOLNAME ATOMNAME MOLID x y z 
    if atid(i)==1 
        s='K'; 
    else 
        s='Cl'; 
    end 
    fprintf(fid, '%5d%6s%4s%9d%15.9f%15.9f%15.9f\n', i, 'KCl', s, i, x(i), 
y(i), z(i)); 
end 
fprintf(fid, 'END\n'); 
  
fprintf(fid, 'BOX\n'); 
fprintf(fid, '%15.9f%15.9f%15.9f\n', Nx*Lx, Ny*Ly, Nz*Lz); 
fprintf(fid, 'END\n'); 
  
fclose(fid); 
  
%%  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Generate LAMMPS OUTPUT FILE 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
fid = fopen('confKCl.dat', 'w'); 
  
% HEADER 
fprintf(fid, 'LAMMPS Crystal configuration generated from MATLAB\n'); 
fprintf(fid, '\n'); 
fprintf(fid, '%d atoms\n', n); 
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fprintf(fid, '%d bonds\n', 0); 
fprintf(fid, '%d angles\n', 0); 
fprintf(fid, '%d dihedrals\n', 0); 
fprintf(fid, '%d impropers\n', 0); 
fprintf(fid, '\n'); 
fprintf(fid, '%d atom types\n', natomtypes); 
fprintf(fid, '%d bond types\n', 0); 
fprintf(fid, '%d angle types\n', 0); 
fprintf(fid, '%d dihedral types\n', 0); 
fprintf(fid, '%d improper types\n', 0); 
fprintf(fid, '\n'); 
fprintf(fid, '%15.9f %15.9f xlo xhi\n', 0, 10*Nx*Lx); 
fprintf(fid, '%15.9f %15.9f ylo yhi\n', 0, 10*Ny*Ly); 
fprintf(fid, '%15.9f %15.9f zlo zhi\n', 0, 10*Nz*Lz); 
fprintf(fid, '\n'); 
fprintf(fid, 'Masses\n'); 
fprintf(fid, '\n'); 
for i=1:natomtypes, 
    fprintf(fid, '%d %f\n', i, mass(i)); 
end 
fprintf(fid, '\n'); 
fprintf(fid, 'Atoms\n'); 
fprintf(fid, '\n'); 
for i=1:n, 
    % atom-ID molecule-ID atom-type q x y z ("full" atom_style) 
    fprintf(fid, '%d %d %d %f %f %f %f\n', i, 0, atid(i), c(i), 10*x(i), 
10*y(i), 10*z(i)); 
end 
fprintf(fid, '\n'); 
fclose(fid); 
  
